1. Introduction {#sec1-ijerph-16-01647}
===============

Availability of water is the primary contributor to a country or region's economic growth, and is a major constraint to the development of all countries with low water access, especially those located in arid and semiarid areas \[[@B1-ijerph-16-01647]\]. There is a strong understanding that water is one of the most stressed resources, and it is playing an increasingly important role in poverty alleviation and economic development in the world \[[@B2-ijerph-16-01647]\]. Water shortage is both a cause and a consequence of poverty \[[@B3-ijerph-16-01647]\]. In most areas of the world, water is central to poverty \[[@B4-ijerph-16-01647]\]. Rapid population growth increases the domestic and agricultural demand for water resources. At the global scale, agriculture accounts for over 70% of all water withdrawn by the municipal, industrial (including energy) and agricultural sectors, and water shortage decreases agricultural productivity, affecting both incomes and food security \[[@B5-ijerph-16-01647]\]. Improper planning and management can mean that an activity will be unregulated, and can lead to a range of negative social, economic and environmental impacts \[[@B6-ijerph-16-01647]\]. The low or lack of access to safe water which results directly or indirectly results in decreasing human productivity and living quality \[[@B7-ijerph-16-01647]\]. The resulting water resource shortage limits further development \[[@B8-ijerph-16-01647]\]. Hence, its provision is central to poverty alleviation, which is why this paper begins with a brief discussion of how water and poverty are interconnected.

The relationship between water and poverty has become a growing concern for governments and scholars. An influential theory system has been created by Sullivan, who put forward the relationship between water and poverty through the Water Poverty Index (WPI). The index also reflects social and economic factors, especially those related to water resources and water supply facilities, capacity, efficiency, and environmental quality \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647]\]. Using this framework can provide a theoretical basis for integrated water resources management, and through integrated management, achieve the goal of human-water harmonious coexistence \[[@B11-ijerph-16-01647]\]. So far, the WPI has evaluated the water resources situation at multiple scales, including the urban \[[@B12-ijerph-16-01647],[@B13-ijerph-16-01647]\], rural \[[@B14-ijerph-16-01647],[@B15-ijerph-16-01647]\], basin \[[@B16-ijerph-16-01647],[@B17-ijerph-16-01647],[@B18-ijerph-16-01647]\], national \[[@B19-ijerph-16-01647]\], province \[[@B11-ijerph-16-01647],[@B20-ijerph-16-01647]\], county \[[@B4-ijerph-16-01647]\], town \[[@B13-ijerph-16-01647]\], and community \[[@B21-ijerph-16-01647],[@B22-ijerph-16-01647]\] scale, mainly related to water availability, accessibility, quality, environmental impact, and social and economic factors \[[@B10-ijerph-16-01647],[@B23-ijerph-16-01647]\]. Although scholars agree on the advantages of the WPI \[[@B22-ijerph-16-01647],[@B24-ijerph-16-01647]\], there are some weaknesses that must be addressed. First, the existing research mainly uses the single weight method-equal weight \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B24-ijerph-16-01647]\] or different weight model \[[@B1-ijerph-16-01647],[@B23-ijerph-16-01647],[@B25-ijerph-16-01647],[@B26-ijerph-16-01647],[@B27-ijerph-16-01647]\] to evaluate water poverty. In recent years, the popularity of composite indicators to measure the situation of water poverty has increased \[[@B28-ijerph-16-01647]\]. However, this process of weight is less discussed and is marked by certain controversies, especially its current lack of explanation of its weight determination method \[[@B29-ijerph-16-01647]\]. Equal weight cannot sufficiently reflect subjective and objective conditions of different indicators, and different weights may ignore the homogeneity of the components \[[@B20-ijerph-16-01647]\]. Second, existing research is focused on specific times, namely a single year; however, it has ignored the panel data \[[@B29-ijerph-16-01647]\]. Panel data will help to find the evolutionary mechanism of water poverty and it is possible to obtain accurate results with this data, which will have a beneficial effect on policymaking \[[@B20-ijerph-16-01647]\]. Third, a further limitation is that scholars have focused on water poverty in rural or urban areas separately \[[@B24-ijerph-16-01647],[@B30-ijerph-16-01647]\], rather than analyzed urban and rural areas jointly. Water poverty should not only be evaluated according to the integrity of the index system, but also according to the correlation between scales. Water poverty is a problem concerned with multiple systems such as water resources, economy, society and environment \[[@B16-ijerph-16-01647]\]; however, the water poverty index measures at a single scale, and current study is limited to interactive coupling of water poverty and economic poverty \[[@B31-ijerph-16-01647]\]. At the same time, the research perspective also focuses too much on the evaluation of rural areas or water resources shortage, while ignoring the "crowding out effect" of urban areas on rural areas, severing the link between urban and rural areas, which is bound to lead to the failure of policies, and is not conducive to the improvement of regional water resources shortage \[[@B32-ijerph-16-01647]\]. To this end, only through knowing the exact the urban and rural development potential of spatial distribution features of urban and rural water resources shortage is it possible to realize the rational allocation and effective utilization of water resources \[[@B33-ijerph-16-01647]\].

This study analyzes water poverty issues in northwest China (semi-arid and arid regions) in this context. China faces a water shortage. The valaue for per capita water resources is only 2100 m^3^, which is less than a quarter of the world's average, and there is an uneven distribution of water resources on the national scale \[[@B34-ijerph-16-01647]\]. From a regional perspective, these water shortages are expected to worsen, especially in the northwest arid and semi-arid areas \[[@B35-ijerph-16-01647]\]. Moreover, the water policy of the Chinese government considered "the urban first" and "the industrial first" for an extended period. This led to a binary structure, unconducive to coordinated societal development \[[@B36-ijerph-16-01647]\]. In its allocation of water resources, China favors urban areas, as it prioritizes industrial development to boost the national economy. However, an industrial structure that encourages high water consumption, severe pollution, and a low efficiency is unsustainable; thus, irrigation water for the agricultural sector is not guaranteed. Moreover, China's low agricultural productivity creates a water dependence that directly affects the stability of rural areas \[[@B37-ijerph-16-01647]\]. The development of urban and rural water resources is facing a serious imbalance. The construction and management of urban water resources is relatively perfect, but the construction and management of rural water resources is seriously lagging behind, and cannot even meet the reasonable needs of rural residents \[[@B38-ijerph-16-01647]\]. This has seriously affected the improvement of rural residents' right to survival and development, and hindered the improvement of rural residents' ability. Insufficient water supply in rural areas has become a bottleneck, and has restricted rural development and the improvement of rural social productivity \[[@B37-ijerph-16-01647]\]. Indeed, when water resource deployment is close to exceeding the limit for rural areas, urban areas must stop using rural water to prevent deterioration in the rural ecological environment. Hence, although it can accelerate urban socio-economic development, the recovery of rural water resources is uncertain \[[@B39-ijerph-16-01647]\]. Thus, reasonable use of limited water resources and their optimal allocation between urban and rural areas are critical.

The aim of this paper, therefore, is to evaluate urban and rural water poverty in Northwest China in terms of the integrated weight methods. In addition, this paper applies to provide a platform for policy-makers through the comprehensive assessment of regional water poverty, more insight into the problem of water resource shortage can be gained by taking a comprehensive approach that analyzes the spatial and temporal variability in the water resources condition. It will appeal to all stakeholders and will support effective water resource management and the achievement of commitments to reducing water poverty (James and Dermot, 2004). Therefore, this paper reveal break past limitations that arise in simplified analyses using a single method, as well as formulate more reasonable regional sustainable development policies. This article is useful for water resources studies in developing countries. The remainder of this paper is organized as follows. [Section 2](#sec2-ijerph-16-01647){ref-type="sec"} introduces the study area. [Section 3](#sec3-ijerph-16-01647){ref-type="sec"} describes the structures of the WPI, KDE, synergistic theory, and constructs a synergistic mechanism between urban and rural areas. [Section 4](#sec4-ijerph-16-01647){ref-type="sec"} presents the WPI scores and urban-rural water poverty condition and discusses the main findings. Finally, [Section 5](#sec5-ijerph-16-01647){ref-type="sec"} provides conclusions and policy recommendations.

2. Water Issues in the Study Area {#sec2-ijerph-16-01647}
=================================

The northwest region encompasses Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang provinces ([Figure 1](#ijerph-16-01647-f001){ref-type="fig"}). The northwest region has an arid and semi-arid climate. It is dry and significant water shortages prevail. As the area with the most serious water shortage, the total annual water resources in the northwest arid region were 25.31 billion cubic meters in 2017 \[[@B34-ijerph-16-01647]\]. After deducting the water resources that are difficult to use or cannot be used, the actual figure for the per capita water resources in the northwest region was about 990 m^3^, which is less than 1/10 of the world's average \[[@B40-ijerph-16-01647]\]. As the largest agricultural water demand area, the annual average rainfall is below 200mm, and the annual evaporation is as high as 1000--2800 mm \[[@B41-ijerph-16-01647]\]. The rainfall is less than the water demand of farmland crops, which makes the ecological water demand of the northwest region higher than that of other regions in China \[[@B42-ijerph-16-01647]\]. As the poorest region in China, it is home to a poor population of nearly 102 million people, with nearly 10 million people live in poverty, mostly dependent on agriculture-based livelihoods \[[@B43-ijerph-16-01647]\]. As the most vulnerable area of the ecological environment, it covers an area of 3.0344 million km^3^ and accounts for 31.6 percent of the country's total area, of which 1.606 million km^3^ were undergoing desertification in 2017 \[[@B43-ijerph-16-01647]\]. The fragile ecological environment, fewer per capita water resources, large ecological water demand and severe poverty are interwoven together, which makes it an arduous task to improve water shortage and alleviate poverty in northwest China \[[@B44-ijerph-16-01647]\].

Currently, the urban and rural areas in northwest China are faced with major problems. Firstly, they have a low water efficiency. Agricultural water consumption accounts for over 90% of the total water consumption in the northwest China. However, agricultural water use efficiency is less than 40%, compared with over 80% in developed countries during the same period \[[@B44-ijerph-16-01647]\]. Secondly, rural water supply has been severely squeezed by urban needs. The quality of domestic water is an important indicator of the civilization level of a country or a region. However, the current situation is that the domestic water consumption of rural areas is poor in northwest China. By the end of 2017, the rural water population in northwest China accounted for less than 70% of the rural population \[[@B34-ijerph-16-01647]\]. Poor people are scattered and live in areas with poor water conservancy conditions and difficulty in drinking water and livestock. At the same time, the water shortages, the construction of water conservancy infrastructure and the imperfection of water use system aggravate the transfer of rural population to urban areas, leading to the increasingly serious phenomenon of rural hollowing out \[[@B44-ijerph-16-01647]\]. Thirdly, rural areas are faced with serious water pollution. With the development of urbanization, the urban population increases rapidly, and it transfers many polluting industries to rural areas, resulting in the rapid increase of rural sewage \[[@B45-ijerph-16-01647]\]. However, most of the financial investment in pollution control is transferred to urban areas. The treatment of water pollution in rural areas is on the whole deteriorating, and the fragile rural ecological environment is facing great challenges. Fourthly, urban and rural contradiction in water use for industry and agriculture intensified. Due to perceived preferential government policies that favor urban and industrial water users, conflicts tend to arise between urban and rural water users \[[@B11-ijerph-16-01647]\]. Fifthly, water resources management and planning are irrational. Restricted by the ecological environment and water resources, many problems have also appeared in the urbanization process in northwest China, such as relying on industrial and mining resources construction, making the urban development scale the priority rather than the local water supply, and water difficulties. This is closely related to the government intervention and unreasonable planning, while at the same time, excessive urbanization and a lack of reasonable water areas are closely related to the industry and urban layout planning \[[@B46-ijerph-16-01647]\].

Therefore, with the background of increasing water crisis, the reasonable allocation of water resources between urban and rural areas has become an urgent problem to be solved in economic development and ecological environment improvement in northwest China. This also plays a crucial role for sustainable development in the future.

3. Methods {#sec3-ijerph-16-01647}
==========

3.1. Water Poverty Index, and Its Indicators {#sec3dot1-ijerph-16-01647}
--------------------------------------------

The urban and rural water poverty composite system is complex. It includes social and economic resources, the ecological environment, and various other elements. However, the most widely used indicator is the WPI. The methodology of this study is based on the WPI model \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B24-ijerph-16-01647]\], which evaluates the extent of water shortage through five components: Resources, Access, Capacity, Use, and the Environment, as follows:$$WPI = w_{r} \times Resource + w_{a} \times Access + w_{c} \times Capacity + w_{u} \times Use + w_{e} \times Environment$$ $w_{i}$ are the weighting factors.

The choice of indicators ([Table 1](#ijerph-16-01647-t001){ref-type="table"}) within these five aspects of WPI model is not simply drawn from the water poverty routine index system but reflects the specific situation in northwest China.

Resources. Indicators for Resources consider the physical availability and reliability of water resources in the chosen study area \[[@B10-ijerph-16-01647]\]. They should reflect water availability and emphasize the comparative advantage given by available water resources, and whether there is population pressure on available water resources in the study area \[[@B47-ijerph-16-01647],[@B48-ijerph-16-01647]\].

Access. Indicators for Access consider the extent to which people have access to agricultural, non-agricultural and domestic water use in the region \[[@B48-ijerph-16-01647]\]. They reflect not only the distance to a safe source, but also population with reasonable access to an adequate amount of safe drinking water and sanitation for better health and well being \[[@B6-ijerph-16-01647]\]. In the urban and rural areas, the indicators should reflect the significance of adequate and safe access to industrial water and agricultural water which leads to a decreased amount of time spent on water collection and effluent discharge.

Capacity. This component exhibits the effectiveness of people's ability to manage water. With a close relationship in between society and water management, the importance of social and economic capacities management of water scarcity is increasingly being recognized. It reflects a social adaptation to water shortages \[[@B24-ijerph-16-01647]\]. The indicators should reflect the ability to improve water use efficiency and water resources management, the ability in the face of water conflict, water pollution and water press, and the ability to read, have access to information, understand water-related issues and, in some ways, think and act to manage water \[[@B29-ijerph-16-01647]\].

Use. Regarding use, the indicator correlates with the ways in which water is used for different purposes \[[@B22-ijerph-16-01647]\] and its contribution to the wider economy, because water use is an essential pre-requisite for human activity. Water consumption tends to increase with economic development \[[@B44-ijerph-16-01647]\]. The indicator should reflect efficiency of usage of available agricultural water. Domestic and industrial uses are two major water uses that are considered as indicators of water availability.

Environment. Regarding the environment, this indicator measures environmental factors influencing the quality and quantity of agricultural, industrial and domestic water \[[@B17-ijerph-16-01647]\]. Maintaining the quality of environmental and ecosystem health is important for achieving sustainable use of water resources. Environmental components are applied directly in the local ecological environment, and indirectly reflect the environmental impact of humans on the ecosystem and the variable degree of influence degree on water resources. The indicators reveal the pressure of human activities on the environment from the agricultural, industrial and domestic sector. Additionally, they address how do humans deal with these pressures \[[@B22-ijerph-16-01647]\].

3.2. Kernel Density Estimation {#sec3dot2-ijerph-16-01647}
------------------------------

In parametric regression analysis, it is assumed that the data distribution conforms to a certain specific behavior, such as linearity, linearity or exponential behavior, etc., and then specific solutions are sought in the target function family, that is, unknown parameters in the regression model are determined. However, experience and theory show that there is often a big gap between this basic assumption of parametric model and the actual physical model, and these methods cannot always achieve satisfactory results. Compared with parameter estimation, kernel density estimation method does not use prior knowledge of data distribution and does not attach any assumptions to data distribution. It is only a method to study the data distribution characteristics from the data sample itself. Therefore, in the statistical theory and application fields are highly valued \[[@B49-ijerph-16-01647]\]. This study uses Eviews 6.0 software, to compute the kernel density distribution of water poverty in China. Kernel density estimation (KDE) is usually used to describe distribution of economic movement, it can identify variation of differences through dynamic and intuitive map \[[@B50-ijerph-16-01647]\]. In this study, the KDE can effectively reflect all yearly the dynamic movement trend of water poverty in China. For data *x*~1~, *x*~2~, ..., *x~n~*, the formula is as follows:$$\hat{f_{n}}\left( x \right) = \frac{1}{nh}\sum_{i = 1}^{n}K{(\frac{x - x_{i}}{h})}$$ where *K* is the kernel function, h is the window width, and n is the sample size.

Kernel functions are weighted functions, including Gaussian, Epanechnikov kernel, triangle kernel, and four times kernel, selected based on the data. In this study, we make estimates by using the Gaussian kernel function:$${Gaussian}:\frac{1}{\sqrt{2\pi}}e^{- \frac{1}{2}t^{2}}$$

3.3. Synergistic Theory {#sec3dot3-ijerph-16-01647}
-----------------------

The synergistic theory is a comprehensive theoretical framework based on an interdisciplinary approach. A composite system refers to the cooperative co-evolution of composite systems and environmental material, energy, and information exchange, after birth, growth, maturity, recession, and the evolutionary process of death, eventually achieving a certain level of equilibrium development. Its evolution path is in line with the S-type curve. In the same vein, the logistic growth model describes the process of a composite system in terms of synergy evolution; its equation assumes that, at time *t* and for a compound system change, Alpha is the multiplication factor for the composite system:$$\frac{dX}{dt} = \alpha X\left( {1 - X} \right)$$

The right-hand side is the time growth factor, *X*, a dynamic factor, and (1 − *X*) is a reduction factor; this is equal to its amount over time, as the development of the composite system evolution mechanism is nonlinear for positive and negative feedback mechanisms \[[@B51-ijerph-16-01647]\].

China's urban and rural water poverty composite system includes two subsystems, namely urban water poverty and rural water poverty, denoted as *X* = *X* (*t*) and *Y* = *Y* (*t*), respectively; time, *t*, is continuous and differentiable. According to the system dynamics method, the interaction of the two-line system dynamics model is expressed by the following logistic model:$$\frac{dX}{dt} = f_{1}\left( {X,Y} \right) = \frac{r_{1}X\left( {N_{1} - X - \alpha_{1}Y + \beta_{1}Y} \right)}{N_{1}},$$ $$dY/dt = f_{2}\left( {X,Y} \right) = r_{2}Y\left( {N_{2} - Y - \alpha_{2}X + \beta_{2}X} \right)/N_{2},$$ $$\alpha_{1} + \beta_{1} = \alpha_{2} + \beta_{2} = 1$$ where *N*~1~ and *N*~2~ represent the development limit of the urban and rural water poverty subsystems, respectively, with *N*~1~ = *N*~2~ = 1; *r*~1~ and *r*~2~ are the adaptive rates of the two subsystems', and *α* and *β* are their cooperation and competition coefficients, respectively \[[@B52-ijerph-16-01647]\]. For example, *α*~1~ is the inhibiting effect of urban subsystem development on the rural subsystem, and *β*~1~ promotes this effect. Hence, the model reflects that urban and rural water poverty, which both restrain and promote each other (i.e., they, co-evolve).

The conditions f~1~ (*X*, *Y*) = 0, f~2~ (*X*, *Y*) = 0, *α*~1~ − *β*~1~ = a~1~, and *α*~1~ − *β*~1~ = a~2~ are set to obtain four stationary-state solutions: A1 (0, 0), A2 (1, 0), A3 (0, 1), and A4 ($\frac{1 - a_{1}}{1 - a_{1}a_{2}}$,$\frac{1 - a_{2}}{1 - a_{1}a_{2}}$). However, the system is not stable in A1 (0, 0). The steady-state solutions for A2 (1, 0) and A3 (0, 1) correspond to the demise of the state of the system's *X* and *Y*, respectively, and these three types of stationary-state solutions are not sustainable. The complex co-evolution of urban and rural water poverty should undergo steady state solutions analysis for A4 \[[@B53-ijerph-16-01647]\]. According to the size of the parameters and degree of synergy evolution, this co-evolution state of urban and rural areas is divided into four categories: synchronous, urban-priority, rural-priority, and conflicting relationships ([Table 2](#ijerph-16-01647-t002){ref-type="table"}).

The conflicting type refers to the fact that the development of space, resource allocation, industrial policy, and rural water pollution damage the structure and function of the urban water resource system, with rural water resources being used to the exclusive advantage of urban users. On the contrary, a synchronous relationship reflects the interaction and economic complementarity of urban and rural water poverty, gradually improving the coordination mechanism of the resource and environment. Specifically, for the urban water system to support the rural water system, the latter should provide conditions that enable the common development of both systems. However, the urban priority and rural priority typically struggle between conflicting and synchronous types.

According to the different types and parameter sizes of the co-evolution of urban-rural composite systems, the urban-rural composite system was divided into four evolutionary stages ([Table 3](#ijerph-16-01647-t003){ref-type="table"}) by referring to the related researches on coordinated development and coupling coordination \[[@B53-ijerph-16-01647]\]. The traditional approach to estimating the optimization of model parameters, such as the least squares method and maximum likelihood method, the resulting parameter estimates are typically local rather than global optimal solutions. However, Equations (5)--(7) are nonlinear equations, satisfactory accuracy is often difficult to achieve with the above solutions when solving such problems, and the maximum likelihood method needs to know the exact distribution of parameters. Hence, this paper adopts the Genetic Algorithm (GA) to solve model parameters. GA is a useful method for dealing with complex optimization problems which simulates the rules of survival of the fittest and the mechanism of chromosome information exchange within a population in the process of biological evolution. Its basic principle is based on several generations of superposition, to get the optimal calculation results. It can be used for multiple search points and only uses the value of the objective function to search. It has the advantages of high search efficiency, flexible method, low requirement for the objective function and fast calculation speed \[[@B54-ijerph-16-01647]\]. There are many forms about GA. Simple Genetic Algorithm (SGA) is adopted in this paper, which has the characteristics of strong applicability, robust global optimization, less computation and high precision of solution, and concise algorithm control parameter setting technology, and has been widely used in various optimization fields. It is easy to write a simple general algorithm. In application, only the definition of specific objective function and the setting of GA algorithm control parameters need to be modified \[[@B55-ijerph-16-01647]\]. Based on these characteristics, SGA has been widely used in various optimization fields.

Let the general optimization problem be, $$\left\{ {\begin{matrix}
{\min f\left( {c_{1},c_{2},\ldots,c_{p}} \right)} \\
{a_{j} \leq c_{j} \leq b_{j}} \\
\end{matrix}~~~~~~~~~~j = 1,2,\ldots,p} \right.$$ where, $\left\{ c_{j} \right\}$ is p variables, $\left\{ {a_{j},b_{j}} \right\}$ is the initial change interval of $\left\{ c_{j} \right\}$; f is a nonnegative optimization criterion function. According to the optimization performance of each operator of the standard genetic algorithm, the variable change space of excellent individuals generated by the first two evolutionary iterations is used as the new initial change interval of the variable, and the algorithm enters the discrete coding of the initial change space of the variable. Thus, the cycle is accelerated until the optimization criterion function value of the optimal individual is less than a set value or the algorithm runs for a predetermined number of accelerated cycles, and then the optimal individual or an excellent individual in the current group is then designated as the SGA result. The calculation principle of SGA and the specific implementation process of the model are mainly referred to Jin, J.L. et al., 2001 in this paper \[[@B55-ijerph-16-01647]\]. As the process is very complex, it is unnecessary to elaborate here.

3.4. Assigning Weights to the Indicators {#sec3dot4-ijerph-16-01647}
----------------------------------------

Weights are commonly used in multidimensional indexes and these are determined by each dimension value to obtain a comprehensive measure. However, the choice of weight is a key problem, and simple weighting methods ignore the inherent relationships between indicators \[[@B56-ijerph-16-01647]\]. The assignment of weights also influences the reliability and accuracy of the results, thus influencing decision-makers \[[@B20-ijerph-16-01647]\]. To achieve the most reliable results, this study applies analytic hierarchy process (AHP) and Principal Component Analysis (PCA). AHP synthesizes uncertainty, it is based on expert judgments, and it plays a significant role in the relative importance of the evaluation as well as the analysis indicators \[[@B29-ijerph-16-01647]\]. However, while they reflect the specific situation of the indicators, they do not reflect their economic and technical significance \[[@B57-ijerph-16-01647],[@B58-ijerph-16-01647]\]. Hence, we introduced PCA to offset this disadvantage. PCAs are based on the analysis of measurable data, but may result in variations in their weights' importance \[[@B59-ijerph-16-01647]\]. PCA is used to replace the original indicators with a new set of unrelated comprehensive indicators by recombining the original indicators which have a certain correlation, and the new comprehensive indicators can contain most of the information of the original indicators. It can eliminate the correlation between evaluation indexes and help to describe the relative status of samples more objectively. Therefore, to assign indicator weights systematically, this study combines AHP and PCA. In the process of to ascertain the integrated weights, the importance of the AHP and PCA were 0.5. These integrated weights are then assigned to the variables to highlight each indicator's importance and accuracy \[[@B58-ijerph-16-01647]\]. This is suitable when complementary and uncertain information is merged, thereby allowing subjective and complex information to be transformed into deterministic decisions \[[@B60-ijerph-16-01647]\]. Due to the limited space, we have not listed the specific formula and calculation process of weight \[[@B1-ijerph-16-01647],[@B20-ijerph-16-01647],[@B25-ijerph-16-01647]\]. In addition, the AHP-determined subjective weighting vector is defined as [Table A1](#ijerph-16-01647-t0A1){ref-type="table"}, [Table A2](#ijerph-16-01647-t0A2){ref-type="table"}, [Table A3](#ijerph-16-01647-t0A3){ref-type="table"}, [Table A4](#ijerph-16-01647-t0A4){ref-type="table"}, [Table A5](#ijerph-16-01647-t0A5){ref-type="table"}, [Table A6](#ijerph-16-01647-t0A6){ref-type="table"}, [Table A7](#ijerph-16-01647-t0A7){ref-type="table"}, [Table A8](#ijerph-16-01647-t0A8){ref-type="table"}, [Table A9](#ijerph-16-01647-t0A9){ref-type="table"}, [Table A10](#ijerph-16-01647-t0A10){ref-type="table"}, [Table A11](#ijerph-16-01647-t0A11){ref-type="table"} and [Table A12](#ijerph-16-01647-t0A12){ref-type="table"} ([Appendix A](#app1-ijerph-16-01647){ref-type="app"}). The results are presented in [Table 4](#ijerph-16-01647-t004){ref-type="table"}.

3.5. Symbiosis Mechanism of Urban and Rural Areas {#sec3dot5-ijerph-16-01647}
-------------------------------------------------

The development of an urban water resources system provides conditions for the improvement of rural water resources system ([Figure 2](#ijerph-16-01647-f002){ref-type="fig"}). The development of the rural water resources system provides support for the development of the urban water resources system, forming mutual promotion between urban and rural systems. The two systems compete in terms of space and opportunity, and the over-development of water resources and the contradiction between urban and rural water resources are intertwined, resulting in the mutual suppression of the two systems. The co-evolution of the urban and rural systems refers to the structure and process formed in the interaction between different urban and rural elements in the long-term evolutionary interaction, driven by the inhibitory and promoting effects. From the perspective of biological evolution, the most basic coevolutionary mechanism of an ecosystem is competition and cooperation, which is also an important driving force for the evolution and development of urban and rural water resources systems. According to the synergetic theory and water poverty theory, the internal factors of urban and rural water poverty can be systematically divided into five units of resources, facilities, capabilities, use and environment, which constitute the symbiosis of the urban and rural complex system. Each symbiont and each element of the symbiont stimulate the overall vitality of the system through moderate competition and promote upgrading of the system. In addition, the reciprocity between the symbionts and their elements is conducive to the optimal allocation of resources and the expansion of each other's development space. However, the vicious competition will compress each other's development space, causing the system to be unable to achieve its ideal development condition. Under the joint action of the internal mechanism and external policy, the system will go through the dynamic evolution process from germination, formation, growth and maturity of the collaborative evolution between systems.

4. Results and Analysis {#sec4-ijerph-16-01647}
=======================

4.1. Urban and Rural Water Poverty Changes in Northwest China {#sec4dot1-ijerph-16-01647}
-------------------------------------------------------------

The estimation results show the actual urban and rural water poverty situation in northwest China from 2000 to 2017 ([Table A13](#ijerph-16-01647-t0A13){ref-type="table"} and [Figure 3](#ijerph-16-01647-f003){ref-type="fig"}). The results show that water poverty values vary widely from 0.118 to 0.443 in urban areas and from 0.146 to 0.352 in rural areas. The higher the score, the better the situation, the less water poverty. In [Appendix A](#app1-ijerph-16-01647){ref-type="app"}, the value change reveals the improvement degree between urban and rural water poverty and shows two main results: (i) the water poverty situation across northwest China is gradually improving, and (ii) the absolute difference in the improvement degree for urban and rural water poverty has gradually widened. These two results imply that the improvements in urban and rural water poverty have not been harmonious. The situation of water poverty in rural areas changes slowly, and the change in speed and degree is much lower than urban areas. This finding shows that urban areas, which are characterized by rapid economic growth, display accelerated improvement in water poverty.

To accurately analyze the temporal variation of water poverty in northwest China, we introduced KDE to analyze water poverty urban water poverty and rural water poverty respectively. According to the results, we observed temporal evolution of the water poverty, including the first year (2000), the middle year (2008) and the end year (2017). According to calculated results, we produced an urban and rural water poverty kernel density distribution. In [Appendix A](#app1-ijerph-16-01647){ref-type="app"} and [Figure 3](#ijerph-16-01647-f003){ref-type="fig"}, obvious changes in the values reveal the improvement degree in the water poverty situation in urban and rural area. However, the differences are striking between urban and rural areas. Firstly, looking at the position of the estimated function in [Figure 4](#ijerph-16-01647-f004){ref-type="fig"}, we see that from 2000--2017, the density distribution curve shifted to the right, reflecting the gradually improving water poverty situation, and the urban water poverty is improving faster than the rural area. Secondly, looking at the shape, the development level of water poverty is not strictly unimodal. The single peak of the urban area is more uniform, and the rural area exhibits single peak and double peak crisscross, so its development is extremely imbalanced. In the bimodal distribution in 2000, the first double peak is small and the second double peak is larger, indicating that the development of urban water poverty shows a trend of polarization, reflecting the period of rapid urban development and the contradictory demand for water resources. As time goes on, the distribution becomes unimodal in 2008 and 2017, showing that the polarization of urban water poverty had eased. Compared to urban areas, In the bimodal distribution in 2000, the right double peak of rural area is small, the water poverty gap between regions is not large. However, rural water poverty experienced two peaks in a row in 2008. This shows that the polarization of rural water poverty widened sharply during this period, and the water situation worsened. This may be the lagged effect caused by the development of the urban water resources system in the previous period, but the specific relationship between the two will be analyzed in the next part. In 2017, the twin peaks of rural water poverty decreased, indicating a decrease in polarization between regions. Thirdly, looking at the kurtosis, compared to the urban area, the shape of the rural water poverty distribution over 2000--2017 showed a tendency to develop to a broad peak form. Water poverty development presents obvious peaks in 2008; with advancing time, wave height obviously decreased, while the middle to right side area is gradually increasing; with peaks corresponding to the development level of water poverty, it shows that in many of the areas water poverty development levels have improved, despite the low level of growth in the region. It indicates that the low-level areas of water poverty development are more numerous than the high-level areas.

However, we have only analyzed the temporal changes of urban and rural water poverty, respectively, and ignored the spatial correlation between urban and rural areas in this section. The improvement of urban and rural water poverty may be based on a competition or cooperation mechanism, and the former can promote the coordinated development of urban and rural water poverty. This is further discussed in the next section.

4.2. Synergistic Types and Stages of Urban and Rural Areas in Northwest China {#sec4dot2-ijerph-16-01647}
-----------------------------------------------------------------------------

This study applies synergistic theory to analyze urban and rural water poverty in northwest China, uses a genetic algorithm to estimate the model parameters, and analyze the synergistic types and stages of the complex system ([Table A14](#ijerph-16-01647-t0A14){ref-type="table"}). [Figure 4](#ijerph-16-01647-f004){ref-type="fig"} shows that urban and rural areas that have poor water composite system evolution stages show significant regional differences; they can be divided into four types: synchronous areas, urban-priority areas, rural-priority areas, and conflicting areas. Compared to rural areas, most urban areas have different cooperation coefficients, showing significant imbalance in the cooperation intensity between rural and urban areas. It is worth noting that the absolute cooperation coefficient *a*~1~ between most urban areas and rural areas is not equal to the absolute cooperation coefficient *a*~2~ between the latter and the former, and the intensity of cooperation between urban and rural areas is also unbalanced. For instance, Xian's urban to rural cooperation coefficient is 0.7033, whereas the rural to urban cooperation has a coefficient of 0.6181. Such a phenomenon is associated with different urban areas and causes rural areas to closely relate to their relative development level. The weak subsystem of Xian's rural development relative to the urban area decreases the competition coefficient of urban subsystems relative to rural ones, thereby causing a "squeeze out" from the former to the latter.

Based on the co-evolution of the urban-rural system, the parameters were estimated by the GA algorithm, and the obtained values were used to explore and analyze the types and stages of urban and rural water poverty in northwest China. To clearly represent the synergistic relationship of urban and rural water poverty, 52 regions were divided into four categories. In [Figure 5](#ijerph-16-01647-f005){ref-type="fig"}, 36 regions are in the stage of uncoordinated development, showing an obvious competition and contradiction. 16 regions are synergistic regions. However, 5 regions are in the infancy stage and have the highest water poverty score in urban areas. 11 regions were represented as rural-biased regions, 17 regions were represented as urban-biased regions, and 7 regions were represented as conflicting regions. Therefore, the coordination coefficient of urban and rural water poverty will reflect the urban water resources system construction and the rural water resources system construction in northwest China. The overall situation is not optimistic, almost 70% of the regions are still stay in the mutual restriction or isolated development stage. This unequal relationship between the increase of the urban and rural system will only improve the unilateral area, and does not produce a linkage effect, or feedback from the other party, and is unable to form effective collaborative development. In particular, the urban-priority regions that give priority to the development of the urban water resources system by squeezing rural water resources are occupy 1/3, which is consistent with the current reality of "urban squeezing rural" in China. The synergy coefficient indicates the types, stage and trend between urban and rural water poverty in northwest China, which plays an important role in the prediction of urban and rural development path and policy formulation in the future.

\(1\) Synchronous areas: These include Yanan, Ankang, Shangluo, Lanzhou, Jinchang, Jiuquan, Qingyang, Gannan, Yinchuan, Shizuishan, Wuzhong, Altay, Bortala, Kizilsu, Kashgar, and Hotan.

According to the dispersion of distribution points, Yanan, Ankang, Shangluo, Lanzhou, Jinchang, Jiuquan, Qingyang, Gannan, Yinchuan, Kizilsu, and Kashgar have good economic conditions and resource endowments, and the urban and rural water poverty presents a mutual benefit situation, so this paper will not present an in-depth discussion. Shizuishan, Wuzhong, Altay, Bortal, and Hotan are in the infancy stage. Limited by the economic and social basis and natural conditions, urban and rural water poverty develops relatively slowly, presenting a double low situation. In these areas, water resources and economic development are poorer than other areas, and the ecological environment has been severely damaged. Additionally, water saving is limited, for a large proportion of national agricultural production, and the water use efficiency is low.

\(2\) Rural-priority area: This includes Weinan, Yulin, Baiyin, Tianshui, Linxia, Xining, Guoluo, Turpan, Ili, Tacheng, and Bayangol. In this region, when the government increases the investment in the economy and water resources, it will only improve the rural water poverty situation, and the urban water poverty development will lag behind. For example, Weinan is an agricultural region, where agricultural water consumption is high. Its salient features are a dry windy climate and unevenly distributed rainfall. Owing to the water shortages, the ecosystem is fragile, leading to dry gas and animal husbandry being based on combined groundwater exploitation. Therefore, in order to maintain the stable development of rural areas, water resources and economic factors were given priority.

\(3\) Urban-priority area: This includes Tongchuan, Baoji, Xianyang, Hanzhong, Zhangye, Pingliang, Longnan, Guyuan, Haidong, Haibei, Hainan, Haixi, Urumqi, Karamay, Hami, Changji, and Aksu. The majority of the 17 regions show a formation or growth stage, and it is the development trend of urban preference. In these areas, increasing resource exploitation in urban areas will only unilaterally improve the urban water poverty, and it will not lead to rural water poverty improvement. For example, Tongchuan has a significant proportion of rural water resources that are used for urban development. This will ease urban water poverty, leading to the deterioration of rural water poverty. With economic and social development, water usage has surged. Owing to the rapid progress of industrial areas with different levels of shallow groundwater pollution, deep groundwater contains excessive fluoride. Moreover, the water use efficiency is low and wastage is widespread.

\(4\) Conflicting area: This includes Xian, Jiayuguan, Wuwei, Dingxi, Zhongwei, Huangnan, Yushu, and Shihezi. In these areas, the competition between urban and rural areas is unordered, and production factors, industrial policies and other aspects are prominent, while the development of urban water poverty leads to the destruction of rural water poverty. However, urban water systems are also subject to rural "reprisals"; for example, Xian's water resources are low, but its economic level is quite high. Moreover, the social adaptation ability, water drainage facilities, government regulation, and water use efficiency are low. This creates a serious conflict between urban and rural water poverty.

5. Conclusions {#sec5-ijerph-16-01647}
==============

In China, the government is the main department that distributes water resources. In recent years, the worsening water situation across society and intense competition between urban and rural water resources have meant that rural water shortages have become more serious than those in urban areas. Hence, conflicts between urban and rural water resource allocation increasingly tend to be the norm. Urban water resources system and rural water resources system should rise and fall together, and water shortage is no longer an absolute constraint, but the impact of urban and rural development. Biased attention on either side will not help solve the water shortage problem. Water shortage has become one of the most important factors restricting urban and rural development, especially in northwest China. Water shortage is influenced not only water supply and water demand, but also social, economic and geographical factors. Therefore, water shortage in northwest China is inevitable. However, it is no longer enough to evaluate the degree of water shortage to explain the complex water problems, but to comprehensively evaluate the probability, degree and social impact of water shortage.

In this context, this research showed that urban and rural water poverty is rising annually, while the value of complex systems of urban and rural development is increasing. It also demonstrated that urban water poverty improvement has accelerated rural water poverty in China. However, significant differences were found in the development of the two systems, with the urban water system showing greater development than the rural one. Moreover, about three-fifths of regions have serious urban and rural water conflicts.

The model in this study aimed to analyze the reasons behind these trends. The analysis of the complex co-evolution of urban and rural water poverty showed that these two relatively independent systems have different processes for checking and balancing the interactions between their internal mechanisms. Therefore, this study provided a new perspective of the mutual relations between urban and rural systems and added to research and development on urban--rural interactions by building a collaborative evolutionary dynamic based on the WPI and synergistic theory. Nonetheless, while the proposed model is novel, the urban and rural water poverty evaluation based on WPI and synergic theory remains a preliminary study. There are a few problems that have yet to be researched. Firstly, the different indicators selection criteria and weight method would produce different water poverty results, and further affect nonparametric estimation of distributions and synergic analysis. In the future, there is still a need to use a variety of other indicators, evaluation standard and other parametric methods, the analysis of the existing the robustness, and a reliability of inspection. Secondly, SGA is an evolutionary optimization algorithm; however, there are various limitations of the SGA despite many claims. In many complex nonlinear optimization models, it may not converge, or may converge to a local optimal. Substantial testing of the solution for different optimization parameters, different starting points may be necessary to ensure that it is reasonable to assume that a global optimal has been achieved. It maybe depend on the problem and input data. Thirdly, considering the effect of space, Exploratory Spatial Data Analysis (ESDA)---confirming the space data analysis method---could be a further interpretation of regional water shortage differences.

SGA is an evolutionary optimization algorithm; however, there are various limitations of the SGA despite many claims. In many complex nonlinear optimization models, it may not converge, or may converge to a local optimal. Substantial testing of the solution for different optimization parameters, different starting points etc. may be necessary to ensure that it is reasonable to assume that a Global optimal has been achieved. It maybe depend on the problem and input data.
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ijerph-16-01647-t0A1_Table A1

###### 

Pairwise comparison matrix of urban components.

      R   A   C   U   E   Weight
  --- --- --- --- --- --- --------
  R   1   1   1   1   1   0.2
  A   1   1   1   1   1   0.2
  C   1   1   1   1   1   0.2
  U   1   1   1   1   1   0.2
  E   1   1   1   1   1   0.2
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###### 

Pairwise comparison matrix of urban resources indicators.

       R1   R2    Weight
  ---- ---- ----- --------
  R1   1    1/2   0.333
  R2   2    1     0.667
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###### 

Pairwise comparison matrix of urban access indicators.

       A1    A2    A3   Weight
  ---- ----- ----- ---- --------
  A1   1     1/2   2    0.311
  A2   2     1     2    0.493
  A3   1/2   1/2   1    0.196
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###### 

Pairwise comparison matrix of urban capacity indicators.

       C1    C2   C3   Weight
  ---- ----- ---- ---- --------
  C1   1     2    1    0.413
  C2   1/2   1    1    0.260
  C3   1     1    1    0.327
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###### 

Pairwise comparison matrix of urban use indicators.

       U1    U2   Weight
  ---- ----- ---- --------
  U1   1     2    0.667
  U2   1/2   1    0.333
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###### 

Pairwise comparison matrix of urban environment indicators.

       E1    E2   E3    Weight
  ---- ----- ---- ----- --------
  E1   1     2    1/2   0.311
  E2   1/2   1    1/2   0.196
  E3   2     2    1     0.493
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###### 

Pairwise comparison matrix of rural components.

      R   A   C   U   E   Weight
  --- --- --- --- --- --- --------
  R   1   1   1   1   1   0.2
  A   1   1   1   1   1   0.2
  C   1   1   1   1   1   0.2
  U   1   1   1   1   1   0.2
  E   1   1   1   1   1   0.2
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###### 

Pairwise comparison matrix of rural resources indicators.

       R1    R2   Weight
  ---- ----- ---- --------
  R1   1     2    0.667
  R2   1/2   1    0.333
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###### 

Pairwise comparison matrix of rural access indicators.

       A1    A2    A3   Weight
  ---- ----- ----- ---- --------
  A1   1     2     3    0.528
  A2   1/2   1     3    0.333
  A3   1/3   1/3   1    0.239
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###### 

Pairwise comparison matrix of rural capacity indicators.

       C1    C2   C3   Weight
  ---- ----- ---- ---- --------
  C1   1     2    2    0.500
  C2   1/2   1    1    0.250
  C3   1/2   1    1    0.250
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###### 

Pairwise comparison matrix of rural use indicators.

       U1   U2    Weight
  ---- ---- ----- --------
  U1   1    1/2   0.333
  U2   2    1     0.667
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###### 

Pairwise comparison matrix of rural environment indicators.

       E1    E2   E3    Weight
  ---- ----- ---- ----- --------
  E1   1     2    2     0.493
  E2   1/2   1    1/2   0.196
  E3   1/2   2    1     0.311
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###### 

Urban and rural water poverty values in northwest China from 2000 to 2017.

  U/R          2000          2004          2008          2012          2017          Mean
  ------------ ------------- ------------- ------------- ------------- ------------- -------------
  Xian         0.302/0.268   0.329/0.266   0.363/0.272   0.417/0.279   0.443/0.308   0.377/0.281
  Tongchuan    0.255/0.248   0.271/0.237   0.3/0.243     0.349/0.265   0.346/0.273   0.309/0.255
  Baoji        0.257/0.263   0.299/0.257   0.334/0.267   0.339/0.27    0.371/0.306   0.323/0.275
  Xianyang     0.281/0.266   0.298/0.267   0.341/0.27    0.364/0.273   0.393/0.302   0.338/0.278
  Weinan       0.264/0.277   0.284/0.272   0.313/0.279   0.327/0.286   0.356/0.309   0.309/0.288
  Yanan        0.209/0.288   0.243/0.29    0.29/0.263    0.322/0.315   0.359/0.343   0.293/0.31
  Hanzhong     0.213/0.255   0.26/0.267    0.31/0.315    0.336/0.296   0.354/0.326   0.295/0.284
  Yulin        0.254/0.293   0.272/0.28    0.314/0.314   0.328/0.302   0.353/0.298   0.307/0.297
  Ankang       0.275/0.309   0.281/0.278   0.319/0.31    0.337/0.302   0.376/0.314   0.317/0.303
  Shangluo     0.231/0.304   0.243/0.286   0.259/0.269   0.301/0.288   0.333/0.315   0.278/0.302
  Lanzhou      0.313/0.241   0.262/0.241   0.293/0.248   0.314/0.264   0.356/0.275   0.299/0.255
  Jiayuguan    0.396/0.25    0.438/0.279   0.417/0.281   0.377/0.292   0.382/0.301   0.39/0.275
  Jinchang     0.274/0.225   0.29/0.228    0.321/0.239   0.288/0.246   0.322/0.245   0.302/0.235
  Baiyin       0.265/0.233   0.229/0.228   0.263/0.237   0.302/0.246   0.296/0.243   0.267/0.237
  Tianshui     0.266/0.234   0.231/0.229   0.25/0.241    0.295/0.249   0.316/0.252   0.271/0.244
  Wuwei        0.209/0.237   0.222/0.247   0.255/0.259   0.286/0.262   0.286/0.272   0.251/0.253
  Zhangye      0.232/0.234   0.242/0.245   0.241/0.262   0.268/0.265   0.288/0.287   0.258/0.255
  Pingliang    0.178/0.246   0.21/0.245    0.251/0.256   0.299/0.26    0.307/0.268   0.265/0.259
  Jiuquan      0.118/0.256   0.235/0.247   0.246/0.25    0.297/0.266   0.298/0.277   0.246/0.258
  Qingyang     0.2/0.276     0.21/0.259    0.222/0.25    0.298/0.271   0.299/0.284   0.255/0.274
  Dingxi       0.194/0.224   0.199/0.226   0.241/0.233   0.279/0.239   0.28/0.244    0.241/0.232
  Longnan      0.215/0.236   0.2/0.233     0.217/0.241   0.267/0.247   0.287/0.267   0.243/0.245
  Linxia       0.204/0.23    0.22/0.232    0.237/0.242   0.259/0.244   0.266/0.246   0.238/0.237
  Gannan       0.207/0.243   0.225/0.243   0.246/0.247   0.265/0.257   0.265/0.258   0.246/0.249
  Yinchuan     0.25/0.223    0.273/0.227   0.313/0.241   0.324/0.256   0.347/0.269   0.294/0.243
  Shizuishan   0.227/0.233   0.253/0.239   0.288/0.255   0.335/0.262   0.336/0.268   0.288/0.25
  Wuzhong      0.201/0.238   0.249/0.234   0.248/0.254   0.28/0.258    0.293/0.272   0.253/0.249
  Guyuan       0.206/0.242   0.241/0.239   0.271/0.251   0.292/0.257   0.302/0.268   0.267/0.253
  Zhongwei     0.195/0.256   0.221/0.238   0.227/0.241   0.273/0.259   0.281/0.268   0.243/0.256
  Xining       0.233/0.278   0.274/0.272   0.282/0.171   0.32/0.276    0.316/0.29    0.284/0.257
  Haidong      0.259/0.223   0.311/0.232   0.309/0.232   0.267/0.238   0.267/0.23    0.284/0.231
  Haibei       0.256/0.242   0.282/0.24    0.293/0.246   0.309/0.257   0.333/0.262   0.295/0.253
  Huangnan     0.278/0.224   0.304/0.226   0.312/0.238   0.32/0.241    0.334/0.25    0.305/0.235
  Hainan       0.23/0.252    0.253/0.254   0.252/0.256   0.271/0.256   0.303/0.273   0.26/0.255
  Guoluo       0.316/0.255   0.34/0.253    0.359/0.274   0.397/0.274   0.399/0.285   0.359/0.264
  Yushu        0.359/0.241   0.357/0.239   0.37/0.26     0.33/0.264    0.398/0.276   0.363/0.252
  Haixi        0.193/0.259   0.26/0.247    0.289/0.256   0.323/0.287   0.334/0.301   0.291/0.276
  Urumqi       0.29/0.222    0.3/0.23      0.31/0.228    0.364/0.248   0.418/0.27    0.333/0.241
  Karamay      0.317/0.252   0.332/0.253   0.329/0.238   0.363/0.262   0.406/0.283   0.345/0.259
  Shihezi      0.173/0.288   0.203/0.271   0.241/0.256   0.258/0.263   0.349/0.29    0.247/0.272
  Turpan       0.248/0.213   0.262/0.221   0.298/0.216   0.327/0.218   0.349/0.229   0.302/0.222
  Hami         0.217/0.22    0.229/0.217   0.23/0.222    0.285/0.228   0.303/0.243   0.259/0.225
  Changji      0.237/0.254   0.245/0.259   0.246/0.26    0.27/0.283    0.319/0.32    0.265/0.281
  Ili          0.246/0.267   0.253/0.283   0.255/0.273   0.277/0.3     0.304/0.318   0.268/0.289
  Tacheng      0.239/0.268   0.224/0.268   0.229/0.259   0.249/0.277   0.278/0.309   0.249/0.284
  Altay        0.219/0.249   0.213/0.235   0.247/0.234   0.209/0.25    0.297/0.277   0.244/0.25
  Bortala      0.226/0.229   0.222/0.231   0.255/0.226   0.278/0.24    0.35/0.268    0.266/0.243
  Bayangol     0.252/0.277   0.255/0.226   0.269/0.243   0.298/0.283   0.339/0.289   0.281/0.258
  Aksu         0.23/0.23     0.233/0.237   0.251/0.248   0.271/0.262   0.291/0.284   0.258/0.256
  Kizilsu      0.214/0.311   0.191/0.299   0.276/0.258   0.315/0.287   0.41/0.232    0.28/0.268
  Kashgar      0.197/0.253   0.204/0.260   0.249/0.264   0.262/0.273   0.29/0.299    0.246/0.276
  Hotan        0.168/0.225   0.174/0.222   0.216/0.223   0.248/0.238   0.266/0.269   0.22/0.234
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###### 

The synergetic parameters of urban-rural water poverty in northwest China.

               a         a~1~     b~1~     b         a~2~     b~2~     HZ        JZ
  ------------ --------- -------- -------- --------- -------- -------- --------- ---------
  Xian         0.4066    0.7033   0.2967   0.2362    0.6181   0.3819   0.6607    0.3393
  Tongchuan    −0.0266   0.4867   0.5133   0.1740    0.5870   0.4130   0.53685   0.46315
  Baoji        −0.0222   0.4889   0.5111   0.6310    0.8155   0.1845   0.6522    0.3478
  Xianyang     −0.2010   0.3995   0.6005   0.9110    0.9555   0.0445   0.6775    0.3225
  Weinan       0.0647    0.5324   0.4676   −0.5202   0.2399   0.7601   0.38615   0.61385
  Yanan        −0.5559   0.2221   0.7779   −0.3371   0.3314   0.6686   0.27675   0.72325
  Hanzhong     −0.7572   0.1214   0.8786   0.4039    0.7019   0.2981   0.41165   0.58835
  Yulin        0.3540    0.6770   0.3230   −0.0416   0.4792   0.5208   0.5781    0.4219
  Ankang       −0.5200   0.2400   0.7600   −0.4080   0.2960   0.7040   0.268     0.732
  Shangluo     −0.0316   0.4842   0.5158   −0.7454   0.1273   0.8727   0.30575   0.69425
  Lanzhou      −0.0345   0.4827   0.5173   −0.7182   0.1409   0.8591   0.3118    0.6882
  Jiayuguan    0.2275    0.6138   0.3862   0.3949    0.6974   0.3026   0.6556    0.3444
  Jinchang     −0.1112   0.4444   0.5556   −0.5714   0.2143   0.7857   0.32935   0.67065
  Baiyin       0.1134    0.5567   0.4433   −0.9623   0.0188   0.9812   0.28775   0.71225
  Tianshui     0.2234    0.6117   0.3883   −0.1199   0.4401   0.5599   0.5259    0.4741
  Wuwei        0.9206    0.9603   0.0397   0.1516    0.5758   0.4242   0.76805   0.23195
  Zhangye      −0.8940   0.0530   0.9470   0.0708    0.5354   0.4646   0.2942    0.7058
  Pingliang    −0.7174   0.1413   0.8587   0.6299    0.8150   0.1850   0.47815   0.52185
  Jiuquan      −0.0372   0.4814   0.5186   −0.6828   0.1598   0.8426   0.3206    0.6806
  Qingyang     −0.2990   0.3190   0.6180   −0.1779   0.4111   0.5889   0.36505   0.60345
  Dingxi       0.3546    0.6773   0.3227   0.1412    0.5706   0.4294   0.62395   0.37605
  Longnan      −0.4084   0.2958   0.7042   0.6692    0.8342   0.1650   0.565     0.4346
  Linxia       0.4258    0.7129   0.2871   −0.0680   0.4660   0.5340   0.58945   0.41055
  Gannan       −0.6326   0.1837   0.8163   −0.2246   0.3877   0.6123   0.2857    0.7143
  Yinchuan     −0.5346   0.2327   0.7673   −0.0053   0.4974   0.5026   0.36505   0.63495
  Shizuishan   −0.4810   0.2595   0.7405   −0.6925   0.1537   0.8463   0.2066    0.7934
  Wuzhong      −0.7742   0.1129   0.8871   −0.5301   0.2349   0.7651   0.1739    0.8261
  Guyuan       −0.5178   0.2411   0.7589   0.3284    0.6642   0.3358   0.45265   0.54735
  Zhongwei     0.1417    0.5709   0.4291   0.2793    0.6397   0.3603   0.6053    0.3947
  Xining       0.207     0.6035   0.3965   −0.088    0.4560   0.544    0.52975   0.47025
  Haidong      −0.0554   0.4723   0.5277   0.19      0.5950   0.405    0.53365   0.46635
  Haibei       −0.2088   0.3956   0.6044   0.3144    0.6572   0.3428   0.5264    0.4736
  Huangnan     0.3966    0.6983   0.3017   0.6642    0.8321   0.1679   0.7652    0.2348
  Hainan       −0.7336   0.1332   0.8668   0.0652    0.5326   0.4674   0.3329    0.6671
  Guoluo       0.7872    0.8936   0.1064   −0.538    0.2310   0.769    0.5623    0.4377
  Yushu        0.3266    0.6633   0.3367   0.469     0.7345   0.2655   0.6989    0.3011
  Haixi        −0.4914   0.2543   0.7457   0.7252    0.8626   0.1374   0.55845   0.44155
  Urumqi       −0.4024   0.2988   0.7012   0.308     0.6540   0.346    0.4764    0.5236
  Karamay      −0.3676   0.3162   0.6838   0.6052    0.8026   0.1974   0.5594    0.4406
  Shihezi      0.072     0.536    0.464    0.3908    0.6954   0.3046   0.6157    0.3843
  Turpan       0.3484    0.6742   0.3258   −0.093    0.4535   0.5465   0.56385   0.43615
  Hami         −0.5894   0.2053   0.7947   0.8086    0.9043   0.0957   0.5548    0.4452
  Changji      −0.7928   0.1036   0.8964   −0.3976   0.3012   0.6988   0.2024    0.7976
  Ili          0.2738    0.6369   0.3631   −0.553    0.2235   0.7765   0.4302    0.5698
  Tacheng      0.2006    0.6003   0.3997   −0.6812   0.1594   0.8406   0.37985   0.62015
  Altay        −0.9136   0.0432   0.9568   −0.1266   0.4367   0.5633   0.23995   0.76005
  Bortala      −0.2914   0.3543   0.6457   −0.929    0.0355   0.9645   0.1949    0.8051
  Bayangol     0.133     0.5665   0.4335   −0.8876   0.0562   0.9438   0.31135   0.68865
  Aksu         −0.7934   0.1033   0.8967   0.374     0.6870   0.313    0.39515   0.60485
  Kizilsu      −0.7346   0.1327   0.8673   −0.0128   0.4936   0.5064   0.31315   0.68685
  Kashgar      −0.3754   0.3123   0.6877   −0.4844   0.2578   0.7422   0.28505   0.71495
  Hotan        −0.7386   0.1307   0.8693   −0.6958   0.1521   0.8479   0.1414    0.8586
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###### 

The urban and rural water poverty values (**a**,**b**,**c**) in northwest China.
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![The kernel density distribution map of urban (**a**) and rural (**b**) water poverty in northwest China.](ijerph-16-01647-g004){#ijerph-16-01647-f004}

![The symbiosis types (**a**) and stages (**b**) of urban and rural water poverty in northwest China.](ijerph-16-01647-g005){#ijerph-16-01647-f005}

ijerph-16-01647-t001_Table 1

###### 

Details of the WPI components, indicators, variables.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System                                  Component\                                                                Variable                                                                  Data Sources and References
                                          (Indicators)                                                                                                                                        
  --------------------------------------- ------------------------------------------------------------------------- ------------------------------------------------------------------------- -----------------------------
  Urban                                   Resources\                                                                                                                                          
                                          1. Variability\                                                                                                                                     
                                          2. Availability                                                                                                                                     

  \(mm\) variation of rainfall (+)        \[[@B4-ijerph-16-01647],[@B34-ijerph-16-01647]\]                                                                                                    

  (m^3^) Per capita water resources (+)   \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B34-ijerph-16-01647]\]                                                                             

  Access                                                                                                                                                                                      

  3\. Supply                              (%) Growth rate with access to clean water supply pipeline (+)            \[[@B11-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  4\. Population                          (%) Population with access to clean water (+)                             \[[@B11-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  5\. Sanitation                          (%) Sewage treatment (+)                                                  \[[@B20-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  Capacity                                                                                                                                                                                    

  6\. Economic                            (CNY) Urban per capita income (+)                                         \[[@B20-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  7\. Social                              (%) Higher education enrolment rate (+)                                   \[[@B11-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  8\. Government                          (%) Financial self-sufficiency (+)                                        \[[@B22-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  Use                                                                                                                                                                                         

  9\. Domestic                            \(L\) Urban per capita domestic water uses per day (+)                    \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B43-ijerph-16-01647]\]   

  10\. Industrial                         (m^3^) Industrial water use per 10,000 yuan (-)                           \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B34-ijerph-16-01647]\]   

  Environment                                                                                                                                                                                 

  11\. Stress                             (m^3^) Volume of wastewater per 10,000 yuan (-)                           \[[@B11-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  12\. Quality\                           (m^2^) Per capita vegetation coverage (+)\                                \[[@B21-ijerph-16-01647],[@B34-ijerph-16-01647]\]\                        
                                          (m^3^) Sewage treatment (+)                                               \[[@B11-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  Rural                                   Resources                                                                                                                                           

  1\. Variability                         \(mm\) variation of rainfall (+)                                          \[[@B4-ijerph-16-01647],[@B43-ijerph-16-01647]\]                          

  2\. Availability                        (m^3^) Per capita water resources (+)                                     \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B43-ijerph-16-01647]\]   

  Access                                                                                                                                                                                      

  3\. Supply                              (Km^2^) The actual irrigation capacity (+)                                \[[@B22-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  4\. Population                          (%) Population with access to clean water                                 \[[@B1-ijerph-16-01647],[@B43-ijerph-16-01647]\]                          

  5\. Sanitation                          (pc) Numbers of reservoir (+)                                             \[[@B22-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  Capacity                                                                                                                                                                                    

  6\. Economic                            (CNY) Rural per capita income (+)                                         \[[@B20-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  7\. Social                              (%) Compulsory education enrolment rate                                   \[[@B11-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  8\. Residents                           (pc) Numbers of doctors per ten thousand people (+)                       \[[@B22-ijerph-16-01647],[@B43-ijerph-16-01647]\]                         

  Use                                                                                                                                                                                         

  9\. Domestic                            \(L\) Rural per capita domestic water use per day (+)                     \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B34-ijerph-16-01647]\]   

  10\. Agriculture                        (m^3^) Agricultural water use per 10,000 yuan (+)                         \[[@B9-ijerph-16-01647],[@B10-ijerph-16-01647],[@B34-ijerph-16-01647]\]   

  Environment                                                                                                                                                                                 

  11\. Stress                             (Kg) Chemical fertilizer use per hectare (-)                              \[[@B22-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         

  12\. Quality\                           (pc) Number of toilets per 10,000 people (+)\                             \[[@B22-ijerph-16-01647],[@B34-ijerph-16-01647]\]\                        
                                          (Km^2^) Soil and water loss control area (+)                              \[[@B11-ijerph-16-01647],[@B34-ijerph-16-01647]\]                         
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(+) means that the indicator is a positive value; (-) means that the indicator is a negative value.

ijerph-16-01647-t002_Table 2

###### 

The synergetic evolution classification of urban-rural complex systems.

  Type             Parameter
  ---------------- ----------------------
  Synchronous      a~1~ \< 0, a~2~ \< 0
  Urban-priority   a~1~ \< 0, a~2~ \> 0
  Rural-priority   a~1~ \> 0, a~2~ \< 0
  Conflicting      a~1~ \> 0, a~2~ \> 0

ijerph-16-01647-t003_Table 3

###### 

The synergetic evolution period of urban-rural complex systems.

  Type   Cooperation $\mathbf{\mathbf{\alpha}}$   Competition $\mathbf{\mathbf{\beta}}$   Stages
  ------ ---------------------------------------- --------------------------------------- ---------
  1      $0.75 < \mathsf{\alpha} \leq 1$          $0 < \mathsf{\beta} \leq 0.25$          Mature
  2      $0.5 < \mathsf{\alpha} \leq 0.75$        $0.25 < \mathsf{\beta} \leq 0.5$        Growth
  3      $0.25 < \mathsf{\alpha} \leq 0.5$        $0.5 < \mathsf{\beta} \leq 0.75$        Forming
  4      $0 < \mathsf{\alpha} \leq 0.25$          $0.75 < \mathsf{\beta} \leq 1$          Infancy

ijerph-16-01647-t004_Table 4

###### 

Weights of the WPI components, variables.

  -------------------------------------------------------------------------------------------------------------
  Component           Variable                                                 AHP       PCA       Integrated
  ------------------- -------------------------------------------------------- --------- --------- ------------
  Resources (0.2)     variation of rainfall                                    0.0667    0.076     0.071

                      Per capita water resources                               0.1333    0.074     0.103

  Access (0.2)        Growth rate with access to clean water supply pipeline   0.0622    0.092     0.077

                      Population with access to clean water                    0.0987    0.098     0.098

                      Sewage treatment                                         0.0392    0.103     0.071

  Capacity (0.2)      Urban per capita income                                  0.0825    0.063     0.073

                      Higher education enrolment rate                          0.0520    0.057     0.055

                      Financial self-sufficiency                               0.0655    0.078     0.072

  Use (0.2)           Urban per capita domestic water use per day              0.1333    0\. 105   0.119

                      Industrial water use per 10,000 yuan                     0.0667    0.079     0.073

  Environment (0.2)   Volume of wastewater per 10,000 yuan                     0.0622    0.068     0.065

                      Per capita vegetation coverage                           0.0392    0.089     0.064

                      Sewage treatment                                         0.0987    0.017     0.058

  Resources (0.2)     variation of rainfall                                    0.1333    0.053     0.093

                      Per capita water resources                               0.0667    0.116     0.092

  Access (0.2)        The actual irrigation capacity                           0.1056    0.032     0.069

                      Population with access to clean water                    0.0665    0.095     0.081

                      Numbers of reservoir                                     0.0279    0.065     0.047

  Capacity (0.2)      Rural per capita income                                  0.1000    0.052     0.076

                      Elementary education enrolment rate                      0.0500    0.113     0.081

                      Numbers of doctors per ten thousand people               0.0500    0.086     0.068

  Use (0.2)           Rural per capita domestic water use per day              0.0667    0.089     0.078

                      Agricultural water use per 10,000 yuan                   0.1333    0.069     0.101

  Environment (0.2)   Chemical fertilizer use per hectare                      0.0987    0.074     0.086

                      Numbers of toilets per 10,000 people\                    0.0392\   0.092\    0.065\
                      Soil and water loss control area                         0.0622    0.064     0.063
  -------------------------------------------------------------------------------------------------------------
